, 217-226. Role of dust in the working environment in development of chronic bronchitis in British coal miners. In the course of a long-term prospective study of chronic respiratory disase in British coal miners the effects on pulmonary ventilatory function of exposure to airborne dust, of simple pneumoconiosis, and of chronic bronchitis have been examined in a group of 3581 coalface workers.
pective study of chronic respiratory disase in British coal miners the effects on pulmonary ventilatory function of exposure to airborne dust, of simple pneumoconiosis, and of chronic bronchitis have been examined in a group of 3581 coalface workers.
The men were employed in 20 collieries throughout the British coalfields. Their cumulative exposures to coal mine dust in the respirable range (1-5 ,um) were calculated from detailed dust sampling results at their work places during a 10-year period and from estimates of earlier exposures based on records of their industrial histories.
A progressive reduction in FEV1.0 with increasing cumulative exposure to airborne dust has been demonstrated. This effect was evident also in a subgroup of the men studied who reported no signs of mild bronchitic symptoms (cough and phlegm for at least three months in a year).
Among men with pneumoconiosis there was no evidence of a reduction of FEV1.0 in excess of that attributable to their dust exposures, smoking habits, age, and physique.
Increasing severity of bronchitic symptoms was associated with a loss in FEVy.0 greater than that expected from the effects of dust exposure as measured, smoking, age, and physique. (Sluis-Cremer, Walters, and Sichel, 1967; Minette, 1971; Reichel and Ulmer, 1971; Sari6 and Palai6, 1971; Lloyd Davies, 1971 ) but results have not always been consistent (Enterline, 1967) . Differences in symptom prevalence have usually been small compared with the dominant effect of smoking.
Some retrospective studies have shown an association between impaired ventilatory capacity and indices related to previous occupational dust expo- Khosla, 1972; Becklake, Fournier-Massey, Rossiter, and McDonald, 1972) but a similar association with the prevalence of bronchitic symptoms has not always been demonstrable (Hyatt et al., 1964; McDonald, Becklake, Fournier-Massey, and Rossiter, 1972) . Gilson (1970) and Lowe and Khosla (1972) (Jacobsen, Rae, Walton, and Rogan, 1970; . Subsequently, among the same group of miners Rae, Walker, and Attfield (1971) showed for the first time an increase in the prevalence of bronchitis among young and middle-aged men as their cumulative dust exposures increased.
It was considered that the next step in the analysis of the data accruing from this research should be an examination of the relationship between the ventilatory capacity, as determined by the forced expired volume in one second (FEVy.,), and thedustexposure of individuals, the radiological category of pneumoconiosis, respiratory symptoms, and other variable factors, such as smoking and physique, which would be likely to affect the FEVY.o.
Materials and methods Data were available from 20 collieries located in different parts of the British coalfield as described by Jacobsen et al. (1971) . At each of these collieries three medical surveys had been carried out at five-year intervals and airborne dust concentrations had been measured throughout the 10-year period. The 4122 men selected for study had either been working at the coalface at the times of all three medical surveys or had worked there at the times of the first two surveys but had moved to work elsewhere underground at the time of the third survey.
The analyses in this paper are based on data obtained at the third survey. Men with progressive massive fibrosis (PMF), those under 25 years of age and those over 65, and ex-smokers were not included. This reduced the number to 3581.
Pulmonary ventilatory function
The ftidex of pulmonary ventilatory function used was the timed forced expiratory volume (FEVy.,); this was measured by means of a modified Gaensler spirometer (McKerrow, McDermott, and Gilson, 1960) . Four serial readings were taken: the first was discarded and a The association between the reduction in FEVLY.
and increasing dust exposure is statistically highly significant (P < 0-001). A cumulative dust exposure at the level of the mean exposure of the group studied is associated with a loss of 0 10 litre. This is slightly more than the loss associated with two years increase in age or with smoking 20 cigarettes per day.
Men with no radiological signs of pneumoconiosis had higher mean FEVY.o levels than those with pneumoconiosis. The difference is attributable mainly to the fact that men with pneumoconiosis were Table 2 older and had higher dust exposures on average ( Men aged less than 25 were excluded from the analysis because ventilatory capacity normally increases with age until a peak is reached between the ages of 21 and 25. Two men over 65 were also excluded. Ex-smokers were omitted because it was considered that their inclusion might obscure any effect attributable to tobacco. Ventilatory capacity is usually reduced in the presence of PMF (Gilson and Hugh Jones, 1955; Cotes, 1968 The exposure index used in this paper includes a component which had been calculated from an estimate of the dust concentrations the individual had worked in prior to the period when detailed measurements of the airborne dust were made. It was assumed that the mean dust concentration experienced by an individual during the first five years of the period when field measurements were made would be a sensible estimate of the mean concentration to which he had been exposed in the preceding period. Although it has been shown by Rae et al. (1971) that estimates of occupational dust exposure calculated in this way correlate closely with the prevalence of pneumoconiosis in the group of miners under study, the accuracy of the dose-response relationship found is dependent on the validity of the assumption made in calculating the 'estimated' component of the exposure index.
A further difficulty associated with the exposure index used arises from differences in the lengths of time during which the estimated cumulative exposures were incurred. For the young men it may have been over a 10-year period while for the older men it may have been over a period of 40 years. There is some evidence (Reisner, 1971 ) that the dose rate and the period during which the rate is highest may be significant factors in determining the biological response. An interaction between cumulative dust exposure and age found in the present study (see Appendix) may be a reflection of this phenomenon. The interaction could be interpreted as an indication that a particular exposure experienced over a relatively short period of time (among the younger men) has a more pronounced effect on the level of FEV1.0 than the same total exposure accumulated over a longer period (among the older men (Table 2) without the interaction term suggests that 244 gh/m3 would be associated with a loss of 015 litre. Since these predictions are similar, and since the effect of the interaction is small numerically in the region of the mean age of the group studied, the results are discussed further in terms of the estimates shown in Table 2 .
During the 10-year period covered by the research dust concentrations were measured in the size range 1-5 pLm (Dodgson et al., 1971) . This was the range generally considered to be important in relation to pneumoconiosis but it is by no means certain that it is the appropriate one in relation to the pathogenesis of bronchitis. It is possible that the particles greater than 5 ,um in diameter which settle on the walls of the bronchi before they reach the alveoli play at least as important a role as the smaller ones. The estimate of the effect of dust on FEV1.0 in the present analysis relates only to the so-called respirable fraction of airborne dust in the mine atmosphere to which men were exposed.
When reporting surveys of symptom prevalence authors have defined chronic bronchitis in various ways. Some have considered only cough and sputum, others have included a history of chest illness while others again have made the presence of breathlessness an essential criterion. The results from the present study demonstrate that a respiratory symptoms questionnaire may be used to define grades of bronchitis which are associated with different levels of FEV1.0 (Tables 4 and 5 ). Grade 0 was defined as 'no symptoms amounting to grade 1'. A separate analysis (described in the Appendix) of results from men classified in grade 0 shows that within this subgroup the effect of dust exposure on FEV1.0 was very similar to that estimated for all subjects. Thus it appears that chronic nonspecific obstructive airways disease may occur among men apparently without 'chronic bronchitis' when that condition is defined solely in terms of replies to a questionnaire. This emphasizes the importance of precise definition of bronchitis in epidemiological studies of ventilatory impairment.
There was close agreement between the mean FEV1.0 observed among men with category 0 simple pneumoconiosis and the mean level expected when due allowance is made for variations in dust exposures and other factors listed in Table 3 . The relationship between dust exposure and FEV1.0 described in this paper is thus shown to be valid for men whose radiographs are classified as category 0. The result is consistent with the report from Hyatt et al. (1964) who showed that maximal mid-expiratory flow among West Virginian coal miners with category 0 pneumoconiosis was related to the number of years worked underground.
This study has shown a relationship between loss of ventilatory capacity of individual men and their cumulative exposures to respirable coal dust as estimated from environmental measurements made close to the men over a 10-year period. Becklake et al. (1972) have found a similar effect among chrysotile asbestos workers. These authors considered a large number of lung function tests. The FEV1.0 was among those which showed clearly that lung function was depressed increasingly with increasing dust exposure in both smokers and nonsmokers. Becklake et al. (1972) discuss the suitability of lung function tests for surveillance of men exposed to occupational dust hazards. These authors note that the early effects of dust exposure were detected more easily among non-smokers than among smokers. They suggest that the effects of dust exposure and cigarette smoke may not be additive. Sluis-Cremer et al. (1967) have reported a potentiating effect between dust exposure and cigarette smoking on symptomatology among South African mineworkers. No such interaction is evident in the study of coal miners reported now, and nothing in the results could be interpreted as supporting the speculation by Becklake et al. (1972) that smoking may have a protective effect against dust exposure.
However, the results in Tables 4 and 5 show that increasing severity of bronchitic symptoms is associated with a reduction in FEV1.0 over and above that to be expected from the effects of smoking and dust exposure as estimated in the analysis.One possible explanation for this result is that these exposures refer only to dust particles in the respirable range as defined above: it may be that more severe bronchitis, and corresponding further loss of lung function, occurred among men who had been exposed to higher concentrations of bigger dust particles, which were not measured. The possibility has also been considered that the excess respiratory disability was occasioned by general environmental pollution. However, an examination of published data on pollution in the proximity of 17 of the 20 collieries involved does not support this suggestion. An alternative explanation for the results shown in Tables 4 and 5 would be to suppose that when certain pathological changes associated with respiratory symptoms have occurred, bronchitis may become progressive independently of factors initiating the disease process. Respiratory symptoms would then become more severe and ventilatory capacity would be further impaired. An effect of this kind would be expected to obscure the relationship between exposure to dust and loss of lung function in certain circumstances, and may contribute to the apparent interactions between dust exposure and smoking noted in some surveys, since smoking itself is undoubtedly an important factor initiating bronchitic symptoms.
This suggestion is consistent with the comment by Hyatt et al. (1964) that if miners develop respiratory symptoms during the first year of underground work then these symptoms persist. The theory helps also to explain why Rae et al. (1971) were able to relate prevalence of bronchitic symptoms to dust exposure only among the younger coal miners they studied, and why McDonald et al. (1972) found a similar relationship only among the nonsmoking and light smoking asbestos workers in their survey. Older men, particularly those who smoke, are more likely to have bronchitic symptoms than younger men. If further deterioration were to occur, unrelated to subsequent dust exposure or other variables known to affect the development of bronchitis, then this may be expected to distort the overall relationship with dust.
Another result reported by Rae et al. (1971) was that coal miners with x-ray changes indicative of pneumoconiosis reported bronchitic symptoms more frequently than other miners, irrespective of age or smoking habits. At least some of this difference can be attributed to the higher dust exposures experienced, on average, by men with pneumoconiosis. If, as suggested above, bronchitis can progress independently when a certain stage has been reached then this may have inflated the excess symptom prevalence among men with radiological changes. However, the data presented by Rae et al. (1971) do not support the concept of a potentiation between airborne dust and tobacco smoke. Such a phenomenon would result in a more pronounced effect of dust exposure among smokers as compared with non-smokers. In fact the difference in symptom prevalence between men with and without radiological changes was consistently bigger among non-smokers than smokers. Similarly, Lowe and Khosla (1972) found that the difference in lung function between ex-miners and non-miners working in the steel industry was greater among non-smokers than smokers.
The current standards for airborne dust in British coal mines were introduced in 1970 and were designed to ensure that long-term average dust concentrations at coal faces would not exceed about biases as discussed above. However, the ventilatory impairment as estimated is unlikely to be of clinical importance, and although the estimate represents an average expected loss in FEV1.0 the statistical analysis suggests that even the most severely disabled 1 % of men exposed to 4 mg/m3 over 35 years are unlikely to suffer a loss in FEV1.0 greater than about 200 ml as a result of their dust exposures. It follows that the dust standards now in force in British coal mines, which were established in order to reduce the incidence of pneumoconiosis, are likely also to contain the risk of men developing clinically significant obstructive airways disease as a result of dust exposure in coal mines.
Equally it must be accepted that higher levels of dust exposure resulting from failure to implement the current standard are associated with clinically important disability. This is seen clearly in the results reported now, since some 10% of the coalface workers considered had exposures in excess of 440 gh/m3 while still working underground, and such exposures are associated with reductions in FEV1.0 of 250 ml or higher.
These considerations, and the results from the other studies referred to above, underline the importance of reducing dust concentrations in all work places where there may be a hazard. Such measures would be expected not only to reduce the incidence of pneumoconiosis but would also avoid unnecessary loss of lung function among exposed men.
could be represented by the sum of independent effects associated with each variable. The regression coefficients in Table 2 are the estimates of these effects from the data; they indicate the expected change in FEV1.0 (in litres) per unit increase in the variable concerned. The probability that the effect apparently associated with sitting height is a statistical artefact is less than 10%. There is no ambiguity about the statistical significance of effects associated with the other variables listed in Table 2 Table 2 . There appeared to be also an even smaller (but statistically significant) interaction between height and age. This aspect of the results is being studied further. However, there was no evidence of an interaction between dust exposure and the number of cigarettes smoked per day.
Analyses were made of the differences between the values of FEV1.o observed for each man and those calculated from the fitted equation. The magnitude of these differences (observed-expected) indicate the extent to which the observed results are explicable in terms of the estimated effects listed in Table 2 .
Of particular interest is the question whether the presence of radiological signs of pneumoconiosis might have an independent effect on FEV1.0, over and above that expected from the variables included in the equation. Results from men grouped according to category of pneumoconiosis are given in Table 3 , and this shows that there is no evidence for such an additional effect. The differences between the mean observed FEV1.o results and the mean of those expected (given the differences in dust exposures, ages, smoking habits, and anthropometric measurements between groups) are small and show no pattern that can be related to severity of pneumoconiosis. It is clear that the higher mean expected (and observed) FEV1.0 results for men without pneumoconiosis is due primarily to their lower ages and dust exposures.
A similar analysis of the differences (observed FEV1.0-expected FEVy.0) was made in relation to the four grades of bronchitis defined from replies to the questionnaire on respiratory symptoms. Table 4 shows that the observed mean FEV1.0 among men with chronic bronchitis grades 1, 2, and 3 was lower than expected. Moreover, the discrepancy between the meanvalue observed and that expected from the fitted equation increases steadily with increasing grade of bronchitis. This indicates the existence of an additional effect on FEV1.0, associated with increasing evidence of respiratory symptoms, which is not accounted for by occupational dust exposure as estimated, smoking or the other variables listed in Table 2 . Table 2 for all subjects, were estimated. The coefficient associated with dust exposure was -00005 litre/gh per m3 (that is, a slightly less severe effect than for all 3581 men)andwashighlysignificantstatistically(P < 0 001). The effect of smoking among men with bronchitis grade 0 was slightly more severe (-0-0050 compared with -00046 litre per cigarettes/day for all men).
These results demonstrate that measurements of FEV1.0 are capable of reflecting impairments of ventilatory capacity associated with dust exposure and smoking, which are not sufficiently severe to be demonstrable in terms of the bronchitis grades used in this study.
